INTRODUCTION
Alcohol use is prevalent during adolescence [1] and is associated with long-term negative consequences (for a review, see [2] ). The percentage of adolescents reporting past-month alcohol use increases from~7 to 33% between eighth and 12th grade [1] , and 33% of young drinkers transition to binge drinking within 12 months of their first drink [3] . Furthermore, individuals who first experience alcohol intoxication at an earlier age are at heighted risk for future problems, such as risky alcohol or substance use [4, 5] , drunken driving [5] , and risky sexual behavior [6] . Identifying the behavioral and neurobiological risk factors that predict binge drinking during adolescence may be useful for identifying highrisk individuals and developing interventions to curb or delay heavy alcohol use during this developmentally sensitive epoch.
Longitudinal studies have demonstrated that poor decision making in situations involving uncertainty predicts future alcohol use during adolescence and early adulthood. Using the Iowa Gambling Task, a study of [15] [16] year olds demonstrated that a higher proportion of disadvantageous selections was associated with binge drinking 1 year later [7] . Similarly, college students who maintain high levels of binge drinking over the course of 2 years made a greater proportion of disadvantageous selections on the Iowa Gambling Task during baseline assessments than students who engaged in low levels of binge drinking over the same time period [8] . Since optimal performance on the Iowa Gambling Task relies on the ability to learn uncertain risk and reward probabilities, it is difficult to determine whether these findings reflect learning impairments or individual differences in risk/ reward sensitivity. Additional research is necessary to determine whether decision making in situations where levels of risk and reward are made explicit also predict future alcohol use. Further, these studies included participants with prior alcohol exposure; therefore, it remains unclear whether poor decision making is a premorbid risk factor for binge drinking or a consequence of early alcohol use.
The neural circuitry implicated in decision making involving risk and reward undergoes development during adolescence (for a review, see [9] ). Functional magnetic resonance imaging (MRI) studies have demonstrated that adolescents have greater brain activation in the ventral striatum during reward processing than children or adults [10] [11] [12] , suggesting that adolescents experience heightened reward sensitivity. Furthermore, cognitive control increases throughout adolescence [13] , a process which is accompanied by the protracted maturation of the prefrontal cortex [14, 15] . It has been hypothesized that this imbalance between bottom-up reward and top-down control processes may result in risky choices, such as the decision to engage in heavy alcohol use [16] . Consistent with this hypothesis, a previous study found that largely alcohol-naïve adolescents who went on to engage in binge drinking had less activation in prefrontal, parietal, and temporal cortices during risky compared to safe decision making than adolescents who did not subsequently engage in binge drinking [17] . However, since this study examined brain activation as a function of decision-making behavior, adolescents who made mostly risky or safe selections were excluded from the analyses. Examination of brain activation during decision making under varying levels of risk/reward, irrespective of decisionmaking behavior, may be useful for characterizing the full range of individual differences in neurobiology that contribute to task performance and real-world engagement in risky behavior.
To identify premorbid risk factors for onset of heavy drinking, in the current study, we measured brain activation during decision making involving known levels of risk and reward in adolescents with minimal history of alcohol or drug use. Baseline assessments were conducted when participants were between the ages of 14 and 15, the developmental time period associated with the greatest functional imbalance between reward and cognitive control circuitry (for a review, see [9] ). Follow-up interviews were conducted every 3 months to assess the emergence of alcohol use. Based on previous findings [7, 8] , we hypothesized that adolescents who made a greater proportion of risky selections at baseline would begin binge drinking sooner. Furthermore, we anticipated that greater activation in brain regions implicated in reward processing and less activation in brain regions implicated in cognitive control would be associated with risky decision making and shorter duration to onset of binge drinking.
MATERIALS AND METHODS
Participant characterization and study design Participants were 47 healthy adolescents between the ages of 14 and 15 who were recruited from the community as part of an ongoing study of adolescent neurodevelopment [17] [18] [19] , which was approved by the Oregon Health & Science University (OHSU) Institutional Review Board. Exclusionary criteria for youth included left handedness (Edinburgh Handedness Inventory [20] ), DSM-IV psychiatric diagnoses [21] , serious medical problems, significant head trauma, mental retardation or learning disabilities, psychotic illness in a biological parent (e.g., schizophrenia or bipolar I), parent-reported prenatal exposure to drugs or alcohol, MRI contraindications (e.g., irremoveable metal in the body), or pregnancy. At baseline, participants had to be free of any significant alcohol or drug use. Specifically, participants were excluded if they reported consuming >10 lifetime alcoholic drinks, >2 alcoholic drinks on any one occasion, >10 lifetime uses of marijuana, >4 lifetime uses of cigarettes, or any other drug use (Customary Drinking and Drug Use Record [22] ).
At baseline, intellectual functioning was assessed using the twosubtest form of the Wechsler Abbreviated Scale of Intelligence [23] , socioeconomic status was estimated using parent self-report with the Hollingshead Index of Social Position [24] , pubertal development was measured using participant self-report on the Pubertal Development Scale [25] , and sensation seeking was measured using the Impulsive Sensation Seeking Scale of the Zuckerman-Kuhlman Personality Questionnaire [26] . To assess decision making in situations involving risk and reward, participants completed a modified version of the Wheel of Fortune (WOF) Task [19, 27] paired with functional MRI (details below).
After completion of the baseline study procedures, participants completed follow-up phone interviews approximately every 3 months. During these interviews, participants completed the Customary Drinking and Drug Use Record and the 90-day Timeline Followback [28] to assess any changes in substance use. If participants missed a follow-up assessment, a longer version of the Timeline Followback was administered to capture all substance use information. Participants are part of an ongoing study and will be followed through age 21. We calculated the number of months before participants began binge drinking, where binge drinking was defined as ≥5 drinks per occasion for males and ≥4 drinks per occasion for females (based on criteria established by the National Institute on Alcohol Abuse and Alcoholism [29] ). WOF task During this computerized two-choice decision-making task (Supplemental Fig. 1 ), participants made choices under situations where the difference in risk/reward between available options was high (10% probability of winning $7 versus 90% probability of winning $1), moderate (30% probability of $2 versus 70% probability of winning $1), or equal (50/50 chance of winning $2). The potential for risk and reward associated with competing options was made explicit using a wheel divided into two portions based on the probability of winning distinct dollar amounts. Trials were 10.5 s long and consisted of selection (3 s), anticipation (3.5 s), and feedback (4 s) phases, with intertrial fixation intervals jittered between 1-11 s. During the selection phase, participants were instructed to select the portion of the wheel they thought would win them the greatest amount of money, as they would receive a portion of their total earnings. During the anticipation phase, participants indicated how sure they were of winning on a scale of 1-3. Following the anticipation phase, participants received feedback via a screen that indicated whether they won or not alongside their cumulative earnings. While in the scanner, adolescents performed 72 trials, presented during two 10-min runs of 36 trials each. Each run included 12 high risk/reward wheels, 14 moderate risk/reward wheels, and 10 equal risk/reward wheels. Given our current interest in how decision making may influence the initiation of binge drinking, we examined the brain activation during the selection phase.
Scan acquisition Participants were scanned at OHSU's Advanced Imaging Research Center on a 3.0 Tesla Siemens Magnetom Tim Trio. Anatomical, high-resolution T1-weighted MPRAGE structural scans were collected in the sagittal plane (TR = 2300 ms, TE = 3.58 ms, inversion time = 900 ms, flip angle = 10°, voxel size = 1 × 1 × 1.1 mm). Blood-oxygen-level dependent (BOLD) signal was measured using T2* weighted gradient echo-planar images which were collected axially, parallel to the anterior-posterior commissure line (TR = 2000 ms, TE = 30 ms, flip angle = 90°, voxel size = 3.75 × 3.75 × 3.8 mm).
Functional MRI preprocessing After initial visual inspection for artifacts in BOLD images, Analysis of Functional NeuroImages [30] was used to conduct slice time correction and estimate alignment all of the TRs to the volume requiring the least amount of adjustment. To minimize interpolation error, spatial transformations to adjust for motion, co-register the BOLD images to the high-resolution structural image, and conduct nonlinear registration of the high-resolution structural image to a standard template in Talairach space were combined and applied to BOLD images in a one-step registration process. Finally, the images were smoothed using a 6-mm Gaussian kernel and percent signal change was calculated for each run.
The first-level model included regressors representing the selection, anticipation, and feedback trials. Stimulus times corresponding to the onset time of each phase and the duration of the event coded as the length of each phase were convolved with a gamma-variate hemodynamic response function [31] . Additional regressors modeled linear drift and motion parameters. Volumes were censored if framewise displacement exceeded 0.7 mm or if they were part of uncensored segments of data with fewer than five contiguous frames, based on prior research demonstrating that motion scrubbing thresholds for task-based functional MRI are most effective within the range of 0.5-1.1 mm [32] . Contrast images of average percent signal change between Ventral striatal response during decision making involving... AM Morales et al. high and moderate levels of risk/reward during the selection phase were resampled to 3 mm 3 voxels prior to group-level analyses.
Group analyses All voxel-wise group-level analyses used a cluster-forming threshold of p < 0.01 and results were corrected for multiple comparisons using a nonparametric permutation analysis (3dttest++ -Clustsim), which determined the number of voxels needed to achieve cluster-level significance at a two-sided threshold of p < 0.05 [33] . While a recent study found inflated false-positive rates using parametric statistical methods [34] , the nonparametric approach used in this study provides adequate control over false positives at a cluster-forming threshold of p < 0.01 [33] . A onesample t-test was used to examine changes in brain activation during decision making under high versus moderate risk/reward conditions (cluster extent >234 voxels). Since the bilateral nucleus accumbens is a small brain region (71, 3-mm 3 voxels in Talairach space) of a priori interest, brain activation in this region was examined by extracting percent signal change from a mask defined using the Harvard-Oxford Atlas (Supplemental Fig. 2 ). Bivariate correlations were used to assess the relationships between nucleus accumbens activation, proportion of risky selections, and duration to onset of binge drinking. Whole-brain linear regression analyses were also conducted to examine the association between activation in the high versus moderate risk/ reward contrast and proportion of risky selections (cluster extent >273 voxels) and duration to onset of binge drinking (cluster extent >230). Post hoc analyses in the nucleus accumbens and across the whole brain examined whether significant associations could be explained by brain activation in the high versus equal or moderate versus equal risk/reward contrasts.
RESULTS

Participant characteristics
Twenty-eight females and 19 males were included in the study. On average, participants were 15.07 (SD = 0.59) years old, had IQ scores of 111.02 (SD = 9.16), and scored 28.62 (SD = 13.06) on the Hollingshead Index of Social Position. Since none of these demographic variables were significantly associated with duration to onset of binge drinking (p's > 0.05), they were not included as covariates in subsequent analyses. As anticipated based on exclusion criteria, participants reported 0. Association between decision-making behavior and onset of binge drinking Adolescents who made a greater proportion of risky selections began binge drinking sooner (r = −0.29, p < 0.05, Fig. 1a) . Followup analyses to determine whether this association was driven by risky selections in high (r = −0.24, p = 0.10) or moderate (r = −0.29, p < 0.05) risk/reward conditions revealed a similar effect in both conditions. However, none of these associations were significant in participants who were completely alcohol and drug naïve at baseline (p's > 0.05).
Association between brain activation and onset of binge drinking Differences in brain activation between the high and moderate risk/reward contrast were detected in the bilateral medial and lateral prefrontal cortex, anterior insula, striatum, and the left cuneus (Fig. 2) . Region-of-interest analysis revealed that adolescents with greater nucleus accumbens activation in the high versus moderate risk/reward contrast began binge drinking sooner (r = −0.51, p < 0.001, Fig. 1b and Supplemental Fig. 3 ). These effects were driven, in part, by a negative association between duration to onset of binge drinking and brain activation in bilateral nucleus accumbens in the high versus equal risk/ reward contrast (r = −0.32, p < 0.05), but no association between duration to onset of binge drinking and brain activation in the moderate versus equal risk/reward contrast (r = 0.19, p > 0.1). Furthermore, whole-brain analysis revealed that adolescents who began binge drinking sooner also had greater activation in left fusiform gyrus, right precuneus, and right middle occipital gyrus in the high versus the moderate risk/reward condition (p < 0.05 corrected, Table 1 , Fig. 3, Supplemental Figure 4 ). Post hoc wholebrain analyses did not reveal any significant associations between 
DISCUSSION
This prospective study provides evidence that duration to onset of binge drinking in adolescence can be predicted by behavioral performance and brain activation during a laboratory-based assessment of decision making involving risk and reward. Although the association between risky decision-making behavior and future binge drinking was relatively small, neural markers were better predictors, with nucleus accumbens activation accounting for~25% of the variance in duration to onset of binge drinking. Furthermore, this effect remained significant in adolescents who were completely alcohol and drug naïve at baseline (~40% of variance explained), suggesting that heightened brain activation during decision making involving greater potential for risk and reward represents a premorbid risk factor for earlier onset of heavy alcohol use.
Findings from preclinical studies suggest that the nucleus accumbens plays a critical and complex role in value-based decision-making behavior. These studies have shown that lesion or inactivation of the nucleus accumbens increases risk-taking behavior [35, 36] , that dopamine release in the nucleus accumbens during decision making codes subjective reward preference [36] , and that activation of nucleus accumbens neurons during decision making reflects prior outcomes [37] . Although we did not find an association between nucleus accumbens activation and task-performance, we did find that greater nucleus accumbens activation predicted earlier engagement in binge drinking. Consistent with the preclinical literature, these findings suggest that nucleus activation during choice evaluation, prior to learning the reward outcome of the current decision, plays an important role in guiding behavior. More work is necessary to disentangle the factors that contribute to nucleus accumbens activation during decision making on the WOF Task and to determine whether nucleus accumbens activation during decision making can predict engagement in other real-world risky behaviors that are common during adolescence.
Our findings extend prior work indicating that nucleus accumbens responsivity is an important predictor of future substance use. A previous study demonstrated that less activation in the nucleus accumbens during reward anticipation at age 14 predicted problematic drug use by age 16 [38] . In contrast, we found that greater nucleus accumbens activation during decisions involving greater potential for risk and reward was associated with earlier engagement in binge drinking. The opposing direction of these findings could be attributable to differences in the experimental paradigms used to elicit striatal activation. Büchel and colleagues measured reward anticipation using the Monetary Incentive Delay (MID) Task, a reaction-time paradigm involving no decision making or risk. Prior studies have demonstrated that compared with adults, adolescents show less activation in the ventral striatum during the MID, but greater ventral striatal activation during tasks involving decision making and risk (for a review, see [9] ). Furthermore, Büchel and colleagues only found a significant association between nucleus accumbens activation and future engagement in problematic drug use in adolescents who Fig. 2 Changes in brain activation during decision making involving high versus moderate levels of risk and reward. On average, adolescents displayed greater brain activation in bilateral medial and lateral prefrontal cortex, anterior insula, striatum, and left cuneus during decision making involving high versus moderate levels of risk and reward (p < 0.05, corrected for multiple comparisons)
Ventral striatal response during decision making involving... AM Morales et al. scored in the top quartile on an assessment of novelty seeking [38] . In the current study, nucleus accumbens activation in the high risk/reward condition, but not the moderate risk/reward condition, was associated with duration to onset of binge drinking. Together, these findings suggest that ventral striatal activation in situations involving high levels of potential risk and reward represents a more sensitive or ecologically valid assessment of individual differences in susceptibility for future drug use across all adolescents.
As brain activation in the fusiform gyrus and precuneus also predicted duration to onset of binge drinking, developing a better understanding of the role these regions play in decision making may be useful for predicting the risk for heavy drinking. A metaanalysis of existing functional MRI studies demonstrated that decision making is consistently associated with activation of the fusiform gyrus and precuneus [39] ; however, the fusiform gyrus was more likely to be active during decision making involving risk, while the precuneus was more likely to be active during decision making involving ambiguity. A study attempting to dissociate the effect of stimulus value and salience during decision making demonstrated that brain activation in the fusiform gyrus was correlated with stimulus salience, while activation in the precuneus was correlated with stimulus value [40] . As risk and potential reward value were known in the current task, this could help to explain why activation in both regions was implicated in predicting future alcohol use. Furthermore, research is needed to determine whether abnormal patterns of brain activation in these regions also predict other drug use. A cross-sectional study showed that adolescents with cannabis use disorder had more activation in precuneus during decision making involving risk than a control group [41] , suggesting that heightened precuneus activation during decision making may reflect a premorbid risk factor for substance use, more generally.
A variety of biological and environmental factors may impact individual differences in neurobiological responses during decision making involving risk and reward. For example, genetic variants thought to influence dopamine signaling have been linked to brain activation during decision making [42] and in response to reward processing [43, 44] . Epigenetic factors may also contribute to individual differences in risk/reward processing, as a recent study showed that DNA methylation of the promoter for the dopamine transporter gene was associated with nucleus accumbens activation during loss anticipation [45] . There is also evidence that environmental factors can influence reward-related brain activation. For example, studies examining risky decision making and associated brain activation using a simulated driving task have shown that adolescents make fewer risky decisions and show lower associated ventral striatal activation when their mother was present [46] , as well as greater risky decisions and associated ventral striatal response in the presence of peers [47] . These studies highlight how social context further shapes decision making and neurobiological response during adolescence and suggest that future studies examine how these influences may further inform subsequent behavior, such as engagement in binge drinking.
Though novel, this work is not without limitations. The task design used in this study precludes examination of how risk and reward sensitivity independently modulate brain activation and whether sensitivity to each of these factors influences task performance and future alcohol use. This limitation may explain why we did not detect associations between brain activation and the proportion of risky selections, as greater reward and risk sensitivity may have opposing effects on behavior that could not be dissociated. Furthermore, since other studies have demonstrated that brain activation in reward circuitry tracks potential for both gains and losses during decision making [48] , future studies could examine if behavior and associated brain activation in situations involving potential for both gains and losses would produce similar or distinct patterns of results. Another limitation of this study is that participants only underwent testing once before the initiation of binge drinking. Previous studies have shown that although ventral striatal activation in response to reward peaks in adolescence, there are significant individual differences in this effect [12] . Assessing adolescents at regular intervals before the initiation of substance use may be useful for determining the extent to which risky decision making and associated neurobiological responses represent stable or transient windows of increased risk for substance use.
These findings contribute to our understanding of the premorbid neurobiological risk factors for earlier engagement in binge drinking, behavior which may result in a variety of longterm negative consequences. Preclinical studies have demonstrated that the long-term consequences associated with binge Fig. 3 Onset of binge drinking behavior is associated with brain activation during decision making involving risk and reward. Wholebrain voxel-wise statistical maps show brain regions where greater activation during decision making involving high versus moderate levels of risk and reward were associated with duration to onset of binge drinking. Duration to onset of binge drinking was also associated with brain activation in the left fusiform gyrus (a), right precuneus (b), and right middle occipital/fusiform gyri (a) (clusterforming threshold p < 0.01, cluster-level corrected for multiple comparisons at p < 0.05)
Ventral striatal response during decision making involving... AM Morales et al. drinking differ based on the timing of exposure (for a review, see [2] ). For instance, one study demonstrated that rats exposed to binge-like levels of alcohol during early adolescence displayed greater motivation for alcohol self-administration in adulthood than rats exposed to alcohol during late adolescence [49] . These differences in behavior were accompanied by differences in c-Fos immunoreactivity, a marker of neuronal activity, in the nucleus accumbens in adulthood, suggesting that alcohol exposure may be particularly deleterious during certain developmental periods. Taken together, these studies suggest that interventions that provide adolescents with the tools to regulate ventral striatal responsivity in particular contexts have the potential to improve adolescent health.
